To liberate Hall thrusters from the drawbacks associated with dispenser hollow cathodes, we construct and experimentally evaluate an outer-coil-type radio frequency (RF) plasma cathode and an inner-coil-type RF plasma cathode. The influence of the coil configuration on the electron-emission characteristics of the RF plasma cathodes is significant. Compared to the inner-coil-type RF plasma cathode, the outer-coil-type RF plasma cathode achieved higher electronemission performance. For the outer-coil-type RF plasma cathode, we obtained an anode current of 3.3 A at an RF power of 140 W, a xenon mass flow rate of 0.3 mg/s, and an anode voltage of 58 V. The anode current is sufficiently high to operate a 1-kW class Hall thruster. The gas utilization factor for the outer-coil-type RF plasma cathode is comparable to that for a conventional dispenser hollow cathode. On the other hand, the electron production cost for the outer-coil-type RF plasma cathode is four times higher than that for the hollow cathode. Thus, there is a need to improve the power consumption for application of RF plasma cathodes to Hall thrusters.
Nomenclature

Ce
: electron production cost 
Introduction
Hall thrusters are frequently used worldwide to realize the orbit control of geostationary satellites, as well as for the orbital transfer of space probes, because they contribute significantly to the shortening of mission trip time and increased the payload ratio 1) . However, the thrust generated in the thrusters is very small compared to that of conventional chemical rockets. Accordingly, to take advantage of their high specific impulse and high efficiency, long and continuous operation lasting several years is required 2) . Hollow cathodes are regularly employed as electron sources in Hall thrusters to ionize the propellant using electric discharges and to neutralize the ion beam leaving the thrusters [3] [4] [5] . Conventional hollow cathodes use a porous tungsten insert that is impregnated with an emissive mix of barium and calcium oxides, and alumina for thermionic emission 6) . Chemical reactions between the hot tungsten and the oxides at high temperature lead to the production of free barium, which flows through the pores, and which eventually reaches the tungsten surface. The surface then becomes covered with a monolayer of barium and the thermionic emission increases greatly owing to the very marked reduction in the work function from 4.5 eV to 1.5 eV 7) . Because the dipole effect of this monolayer will be modified by the adsorption of gas or metal vapor onto its surface, particularly if the gas or metal is electro-negative, the work function will increase and cause a decrease in the electron emission, usually termed emission poisoning 8) . To prevent this poisoning, which can shorten the lifetime of the dispenser hollow cathode, contact between the insert and the active gas should be avoided, and the type of operation gas entering the cathode, which is commonly shared with the thruster propellant, is restricted. In addition, the lifetime of the dispenser hollow cathode is considered to be restricted by oxide depletion from the insert. As a result, it is difficult for Hall thrusters with dispenser hollow cathodes to realize long-term operation, and they should be controlled strictly from prelaunch to end-of-life.
In light of these constraints, the lifetime and erosion mechanisms in dispenser hollow cathodes have been intensively investigated by researchers [9] [10] [11] [12] [13] . First, two solutions have been studied to liberate Hall thrusters from the drawbacks of the dispenser hollow cathode. One is the employment of boride, e.g., lanthanum hexaboride (LaB6), as the thermionic emitter in the hollow cathode to replace the barium-impregnated tungsten 3, 14, 15) . The other is the use of a "plasma cathode" as the electron source in Hall thrusters. The plasma cathode is an electrical discharge device producing plasma that emits electrons from its boundary 16) . The LaB6 hollow cathode has a higher resistance to poisoning than the dispenser cathode, and does not require the strict controls that are normally required for the dispenser cathode. However, it requires high-temperature operation (>1,600 °C) to achieve a high emission current density. Thus, the reliability of the heater system is critical issue for the cathode life and the evaporation of LaB6 at high temperatures limits the cathode life. Although a plasma cathode requires additional discharge power to produce electrons, it does not have the drawbacks associated with a thermionic emitter, and may achieve high robustness and a long lifetime. Electron cyclotron resonance (ECR) plasma [17] [18] [19] , capacitively coupled plasma (CCP) 20) , inductively coupled plasma (ICP) [21] [22] [23] , and helicon wave plasma 24) have been investigated for cathode applications in electric propulsion. The microwave discharge ion thruster "μ10", which was installed in the Hayabusa asteroid explorer, is an attractive thruster that employs a thermionic-emitter-less design; it employed a microwave ECR discharge to ionize the propellant and a microwave ECR plasma cathode to neutralize the extracted ions. Its accumulated operational time was 35,000 h, and the thruster demonstrated that the removal of the hollow cathode benefits the operation sequence and lifetime of electric propulsion 25) . While plasma cathodes are a viable solution, there are challenging problems such as the need to improve the ratio of the electron emission current to the power consumption such that they are comparable to conventional hollow cathodes. The key to obtaining a high electron emission current from plasma cathodes is the production of dense plasma within the cathode. ICP provides a sufficiently high electron number density without the need for an external magnetic field because the plasma does not depend upon a high voltage to drive the displacement current through the powered radio frequency (RF) sheath 26) . Moreover, the limited electron density, which is attributed to the cutoff frequency, as in ECR plasma, is not important for ICP. Because of these features of ICP, in this study, we focused on a plasma cathode employing a RF discharge as a simple and robust electron source for Hall thrusters. Then we experimentally evaluated the electronemission characteristics of the RF plasma cathode.
Experimental Apparatus and Procedure
Radio frequency plasma cathode
In this study, we designed and fabricated two RF plasma cathodes. One is an outer-coil-type RF plasma cathode, while the other is an inner-coil-type RF plasma cathode. Figure 1 shows a schematic representation of the outer-coil-type RF plasma cathode, which consists of a discharge vessel, an orifice plate, an induction coil, and an ion collector. The cylindrical vessel is made of alumina, and its inner diameter and length are 40 mm and 80 mm, respectively. Copper wire whose diameter is 5 mm is wrapped around the vessel as the induction coil. The orifice plate is made of graphite, and there is a 2-mm diameter orifice at the center of the plate for electron emission. Because an ignition of ICP will obey Paschen's law, the orifice diameter is much smaller than the vessel's inner diameter, and this will enable it to sustain a sufficiently high pressure in the RF cathode for the selfignition of plasma. When electrons are emitted from the orifice, an equivalent quantity of ions then has to be collected at the ion collector in the cathode to maintain quasi-neutrality in the RF plasma. Thus, the graphite collector, which is inserted into the vessel, is necessary during the steady operation of the cathode. The cylindrical collector is inserted into the vessel along its wall to act as an ion collector and a Faraday shield. The collector has an axial slit that allows the axial dB/dt fields into the plasma, but suppresses the circumferential dE/dt field, effectively serving as a Faraday shield 27) . Figure 2 shows a schematic representation of the inner-coiltype RF plasma cathode, which consists of a discharge vessel, an orifice plate, and an induction coil. The cylindrical vessel is made of molybdenum, and its inner diameter and length are 58 mm and 67 mm, respectively. The orifice plate is made of tungsten. As in the case of the outer-coil-type cathode, there is a 2-mm diameter orifice at the center of the plate for electron emission. The induction coil was made of tungsten wire having a diameter of 3 mm, and was inserted into the vessel. The metal vessel performs the role of the ion collector to maintain quasi-neutrality in the RF plasma during the steady operation of the cathode. Thus, the inner-coil-type cathode does not require an additional ion collector. Figure 3 shows the experimental setup. All of the experiments were conducted in a vacuum chamber, whose diameter and length were 1.6 m and 3.2 m, respectively. The backpressure in the chamber was brought to approximately 6.3 × 10 -4 Pa by two cryogenic pumps under a xenon mass flow rate of 0.4 mg/s. Xenon was employed as the operation gas for the cathodes. The RF plasma cathode, an anode electrode, and an impedance matching circuit were placed in the chamber, whereas an RF generator, a gas-feed system, and a DC power supply were attached from outside of the chamber. Xenon neutral gas was fed to the vessel as the operation gas via a thermal-sensing mass flow controller. The induction coil was energized at 13.56 MHz by the RF generator via the matching circuit. The incident RF power and the reflected RF power were measured by a directional coupler in the generator. The matching circuit consists of a series variable capacitor and a parallel variable capacitor. Because the circuit matched the impedance of the generator to that of the RF/C, there were not reflections of RF power in the experiments. Therefore, in this paper, "RF power" is equal to the net RF power into the cathode.
Experimental setup
The plate anode was located downstream of the cathode, and it was made of stainless steel. The distance between the cathode and the anode was 50 mm. The anode was biased positively by the DC power supply to extract electrons from the cathode, while the cathode was connected to the ground potential. When electrons are emitted from the cathode as a result of this potential difference, an electron current is carried to the anode and an ion current is carried to the cathode: these currents are called the anode current and cathode current, respectively. To close the current loop, the anode current is made equal to the cathode current (Ia = Ic). The magnitude of the anode current at a constant RF power and xenon mass flow rate indicates the electron emission performance of an electron source. Therefore, to evaluate the electron emission performance, the anode current was measured as a function of the RF power, xenon mass flow rate, and anode voltage. Figure 4 shows the anode current for the RF plasma cathodes as a function of the anode voltage at an RF power of 40 W and a xenon mass flow rate of 0.3 mg/s. The data presented in Fig. 4 show the typical electron-emission characteristics of the RF cathodes. In Fig. 4 , the anode current sharply increased as the anode voltage increased, and the anode current remained approximately constant at a higher anode voltage. A bright plasma plume between the orifice and the anode was observed after the anode current sharply increased. From the sharp increase in the anode current and the appearance of the plasma, electrons emitted from the cathode are accelerated by the anode potential to ionize xenon neutral atoms, and the plasma bridge which reduces the impedance between the cathode and the anode is established. The increase in the anode voltage does not affect the electronemission current from the RF plasma cathode once the plasma bridge was established. In this paper, the anode current saturated at the higher anode voltage is called the "saturation anode current", and the minimum anode voltage to reach the saturation anode current is called the "saturation anode voltage," as shown in Fig. 4 . In space applications, it is desirable for electron sources to emit a higher electron current at a lower input power and using lower gas consumption. Therefore, the saturation anode current and the saturation anode voltage are performance indicators for the RF plasma cathode. Figure 5 shows the saturation anode current of the outercoil-type RF plasma cathode as a function of the RF power at various xenon mass flow rates. The data presented in Fig. 5 show that the saturation anode current proportionally increased as the RF power increased. On the other hand, the effect of the xenon mass flow rate on the anode current at a constant RF power is small. Figure 6 shows the saturation anode voltage of the outer-coil-type RF plasma cathode as a function of the RF power at various xenon mass flow rate. The anode saturation voltage increased as the RF power increased. In contrast to the relationship between the saturation anode current and xenon mass flow rate, the saturation anode voltage sharply decreased from 0.1 to 0.3 mg/s, and slowly decreased over 0.3 mg/s, as shown in Fig. 6 . An anode current of 3.3 A was obtained at an RF power of 140 W, a xenon mass flow rate of 0.3 mg/s, and an anode voltage of 58 V. The anode current is sufficiently high to operate a 1-kW class Hall thruster.
Results and Discussion
Typical electron emission characteristics of RF plasma cathodes
Outer-coil-type RF plasma cathode
To maintain the quasi-neutrality in the RF plasma cathode, the quantity of electrons emitted from the cathode has to be balanced by an equal quantity of ions collected at the ion collector. When ions are collected by the collector, an ion sheath is formed on the collector surface. The ion saturation current in a collision less ion sheath at a low ion temperature is proportional to the ion number density on the sheath edge. The ion number density is typically assumed to be equal to the electron number density in bulk plasma. Sugai 27) showed that the ion number density in the ICP with a Faraday shield is proportional to the input RF power. Therefore, we consider that the saturation anode current, which depends on the ion saturation current in the sheath, is proportional to the RF power, as shown in Fig. 5. Figure 7 shows the saturation anode current of the inner-coil-type RF plasma cathode as a function of the RF power at various mass flow rates. As with the electronemission characteristics of the outer-coil-type RF plasma cathode, the saturation anode current increased as the RF power increased. However, there is an inflection point between the saturation anode current and the RF power. Figure 8 shows the saturation anode voltage of the inner-coiltype RF plasma cathode as a function of the RF power at various mass flow rates. The saturation anode voltage increased as the RF power increased and the xenon mass flow rate decreased. The saturation anode current for the outer-coiltype RF plasma cathode is much higher than that for the innercoil-type RF plasma cathode at a constant RF power and xenon mass flow rate. Therefore, we determined that the influence of the coil configuration on the electron-emission characteristics in the RF plasma cathodes is significant. Figure 9 shows the anode current of the inner-coil-type RF plasma cathode as a function of the anode voltage at an RF power of 200 W and xenon mass flow rate of 2.0 mg/s. At the high RF power and high xenon mass flow rate, the transition phenomena for an anode current ranging from less than 1 A to over 12 A was observed as the applied anode voltage increased, as shown in Fig. 9 . A high current operation over 12 A is desirable for use in a high-power Hall thruster operation. However, the transition phenomena and the high current operation were unstable. Thus, in future works, it is necessary to perform additional experimental evaluations to clarify the transition phenomena and the high current operation. 
Inner-coil-type RF plasma cathode
Performance comparison of hollow cathode and RF plasma cathodes
The gas utilization factor and the electron production cost are introduced to evaluate the cathode performance. If the entire xenon fed to the cathode is ionized, 0.1 mg/s of the xenon fed to the cathode is equivalent to 0.073 A. The gas utilization factor, Ue, indicates the average number of times that each xenon atom repeats the ionization and recoupling on the cathode surface while the xenon atom remains in the cathode. Thus, it is defined as follows:
where Ia and c m  are the anode current and xenon mass flow rate, respectively. The electron production cost, Ce, is defined as the electron energy that is required for plasma production and electron extraction per 1 A of electron current as in the following equations.
In Eqs. (2) and (3), Va, Prf, Ik, and Vk are the anode voltage, RF power, keeper current, and keeper voltage, respectively. A higher gas utilization factor and lower electron production cost are desirable for space applications, because the gas and power consumption are limited in space.
Both performance indicators for the RF plasma cathodes and the HCN-252 hollow cathode are shown in Fig. 10 . The data for the HCN-252 hollow cathode in Fig. 10 were obtained when the anode current ranged from 2 A to 10 A 28) . Compared to the inner-coil-type RF plasma cathode, the outer-coil-type RF plasma cathode achieved a higher electron-emission performance. The data presented in Fig. 10 show that the gas utilization factor for the outer-coil-type RF plasma cathode is comparable to that for the hollow cathode. On the other hand, the electron production cost for the outer-coil-type RF plasma cathode is four times higher than that for the hollow cathode. This result confirms that for space applications, it is important to improve the power consumption of the RF plasma cathodes.
Conclusion
To prevent the Hall thrusters from experiencing the shortcomings of the dispenser hollow cathode, we constructed and evaluated an outer-coil-type RF plasma cathode and an inner-coil-type RF plasma cathode. The results can be summarized as follows: (1) The saturation anode current for the outer-coil-type RF plasma cathode is much higher than that for the inner-coiltype RF plasma cathode at a constant RF power and xenon mass flow rate. Therefore, we determined that the influence of the coil configuration on the electronemission characteristics in the RF plasma cathodes is significant. (2) Compared to the inner-coil-type RF plasma cathode, the outer-coil-type RF plasma cathode achieved higher electron-emission performance. In the outer-coil-type RF plasma cathode, an anode current of 3.3 A was obtained at an RF power of 140 W, a xenon mass flow rate of 0.3 mg/s, and an anode voltage of 58 V. The anode current is sufficiently high to operate a 1-kW class Hall thruster. (3) For a high RF power and high xenon mass flow rate during the operation of the inner-coil-type RF plasma cathode, the transition phenomena for an anode current that ranges from less than 1 A to over 12 A was observed as the applied anode voltage increased. Because the transition phenomena and the high current operation were unstable, additional experimental evaluations are required to clarify the transition phenomena and the high current operation. (4) The gas utilization factor for the outer-coil-type RF plasma cathode is comparable to that for a conventional dispenser hollow cathode. On the other hand, the electron production cost for the outer-coil-type RF plasma cathode is four times higher than that for the hollow cathode. This result verifies that improvements in the power consumption are important for the application of RF plasma cathodes to Hall thrusters.
